Radiation necrosis mostly occurs in and near the radiation field. We used magnetic resonance imaging to study radiation-induced necrosis of atypical onset, severity, and extent following stereotactic radiosurgery for a symptomatic arteriovenous malformation. Susceptibility-sensitive imaging, T 1 -relaxation, myelin water imaging, and magnetic resonance spectroscopy were acquired three times up to 52 months postradiosurgery. Increasing water content outside the radiation field, contralateral neuronal loss, and gliosis were detected over time. Our findings suggest that radiation-induced vasculopathic changes spread more diffusely than previously described. An autoimmune response to brain antigens could underlie white matter changes outside the initial radiation field.
Introduction
Arteriovenous malformations (AVMs) are infrequent but can lead to severe neurological deficits if bleeding occurs. Symptomatic and ruptured AVMs, at high risk for rebleeding, are often surgically resected. Alternatively, stereotactic radiosurgery (SRS) may be used if AVMs are nonamenable to surgery, for instance if located in eloquent brain areas. However, SRS carries an up to 19% risk of delayed radiation necrosis (RN). 1 The mechanisms underlying RN are not fully understood, but animal models suggest that endothelial cell damage leads to vasculopathic changes, increased blood-brain barrier permeability and vasogenic edema. 2 Oligodendrocyte damage with subsequent demyelination has also been implicated. later, post-SRS and affects tissue within the radiation field. The risk is linked to the cumulative radiation dose and volume of tissue receiving 12-Gy. 1, 3, 4 Age has also been suggested as a risk factor, with potentially increased likelihood and earlier onset RN observed in pediatric patients. 5 Conventional magnetic resonance imaging (MRI) displays T 2 -hyperintensity and T 1 -contrast-enhancement in the radiation field and can support RN diagnosis. 3 Nevertheless, these findings are unspecific and may therefore impede RN diagnosis and early intervention in atypical cases. Quantitative MRI can provide clarification of the pathophysiological processes 3 related to RN. Previous studies focused on proton MR spectroscopy (MRS), perfusion and diffusion imaging. The existing MRS literature suggests that reduced N-acetyl-aspartate (NAA), total creatine (tCr), and choline (Cho) could help identify RN also in atypical cases. 6 Here, we collected quantitative MRI data longitudinally to study a young female with suspected RN post-SRS from AVM treatment, who presented with white matter (WM) injury of uncharacteristic early onset, atypical severity, and extent. 1, 3 We focused on susceptibility-sensitive imaging (SSI) for monitoring of the AVM nidus and T 1 -relaxation as a surrogate measure for changes in water content in the surrounding tissue; myelin water imaging to detect demyelination as a reflection of oligodendrocyte or tissue damage; and MRS to describe metabolic changes, which we compared to existing literature.
Methods
The study was approved by the local ethics committee and patient consent was obtained. The 17-year-old female had a ruptured 5.6 cm 3 Spetzler-Martin grade II left motor cortical AVM (Fig. 1A) causing migratory rightsided sensory symptoms. As the AVM was located in an eloquent brain area, it was treated with linear acceleratorbased SRS in a single-fraction 80% isodose of 20-Gy (Fig. 1B) , encompassing a 12-Gy volume of 27.97 mL. As soon as 2 months post-SRS, the patient presented with worsening right hemiparesis, expressive dysphasia, and focal hand motor seizures. Atypical MRI findings were noted on eight conventional MRIs performed at months 3, 9, 16, 21, 37, 40, 43, and 51 post-SRS as part of the clinical follow-up. Three months following SRS, conventional MRIs were suggestive of RN, showing hyperintense T 2 -signal and patchy enhancement in the radiation field ( Fig. 1E and I) . Clinical symptoms and radiological features subsequently worsened despite conservative treatment for RN consisting of a total of five courses of highdose steroids over 18 months. Advanced MRI, including SSI, quantitative T 1 -relaxation (qT 1 ) and quantitative T 2 -relaxation data were acquired at three time points, months 22, 43, and 52 post-SRS, to characterize the ongoing tissue damage. MRS data were also collected, at months 22 and 52 only. All MRI data were acquired on a Philips 3T Achieva using either a transmit/receive (MRS) or eight-channel SENSE head coil.
At both time points, MRS data were acquired near the AVM and in the right centrum semiovale (CSO) as shown in Figure 2 (top). MRS data were analyzed with LC Model, 7 including frequency alignment and eddy current correction. Metabolite concentrations were corrected for WM-gray matter compartmentation and T 1 /T 2 relaxation using FSL's FAST 8 and literature relaxation values. All metabolites were compared to an age, sex and ethnicity-matched control. Myelin water fraction (MWF) maps were estimated from quantitative T 2 -relaxation data using voxel-wise multiexponential fitting, including spatial regularization and correction for stimulated echoes.
10 qT 1 , venograms from susceptibility-weighted images (SWI) and R 2 * maps were computed as described previously. [11] [12] [13] Images were coregistered using FSL's FLIRT and five regions of interest were evaluated: the anterior left frontal WM, which appeared initially healthy; the genu of the corpus callosum; the anterior and posterior right frontal WM, and the right CSO T 2 -hyperintensities.
Results

Laboratory findings
Investigation for systemic vasculitis and infections was negative. A lumbar puncture at month 20 showed normal IgG index, leukocyte and protein count, and no oligoclonal band. At month 58, surgical resection of the AVM following rebleeding showed necrosis consistent with RN in the adjacent brain tissue.
Conventional MRI findings
Nine months post-SRS, six new FLAIR-abnormalities with restricted diffusion appeared remote from and contralateral to the radiation field including three brainstem abnormalities of which one was located in the right posterior midbrain (Fig. 1C) and three in the right CSO (Fig. 1D) . Thereafter, in addition to the presence of enlarging cystic cavities at the main radiation site, the FLAIR-hyperintensity expanded to involve the majority of the left hemisphere ( Fig. 1E-H ). Contrast enhancement persisted within the AVM (Fig. 1I-L) . Hyperbaric oxygen therapy (HBOT) treatment prior to month 51 resulted in a mild reduction of the FLAIR-hyperintense area without clinical change in the patient.
Quantitative results for all regions-of-interest are summarized in Tables S1 and S2 .
MRS adjacent to the left motor cortex AVM (yellow voxel)
At month 22, decreases in glutamate (Glu), tCr, and NAA were observed in the vicinity of the radiation field (Fig. 2,  center) as well as the presence of lactate, all in keeping with neuronal loss.
14 Glutamine (Gln) was increased by five times the control's value, while myoinositol (mI) was reduced.
MRS in the right CSO (blue voxel)
N-acetyl-aspartate was also decreased in the right CSO voxel overlying the FLAIR-hyperintensities at both time points, although less than adjacent to the AVM. At month 22 and to a lesser extent at month 52 (Fig. 2 , bottom), mI and Cho (not shown) were present in concentrations exceeding control values. Gln was also increased but found in lower concentrations than near the AVM. The month 52 spectrum near the AVM was excluded from analysis due to the presence of blood products.
Susceptibility-weighted-venograms
Minimum intensity projections of the susceptibilityweighted venograms computed at each time point, display the thrombus in the AVM and its increasing involvement of the venous network (Fig. 3A) .
Quantitative MRI changes
The qT 1 increase in the left anterior frontal WM from month 22 to 44 (Fig. 3B ), in parallel with the development of FLAIR-hyperintensity in this initially normal-appearing area, likely reflects spreading of vasogenic edema. The subsequent, less pronounced, qT 1 decrease following HBOT suggests partial resolution of edema. R 2 * (Fig. 3C) and MWF (Fig. 3D ) likewise decreased initially due to increased presence of water 15 and recovered subsequently. The right anterior frontal WM also demonstrated mild increases in qT 1 between months 22-52. None of the other regions exhibited changes over time. Notably, there was no ongoing myelin loss in the right CSO lesions.
Discussion
The combined observation of neuronal loss and gliosis supports extensive RN as the underlying process, given the overall clinical context and consistent MRS literature findings. The metabolic changes observed contralateral to the SRS-field suggest radiation-induced vasculopathic changes that are reflected in the appearance of the right CSO and brain stem T 2 -hyperintensities 9 months post-SRS. Wallerian degeneration through the corpus callosum could have caused contralateral tissue damage, but would not anatomically explain a right posterior midbrain lesion. 16 The bilateral Gln elevation could have resulted from hypoxia or gliosis 14, 17 occurring with RN, the latter more likely given that Glu was bilaterally decreased, not increased as expected with hypoxia, and mI, another glial marker, 14 was also increased in the right CSO. The decrease in Gln from months 22 to 52, despite stability of the right CSO T 2 -hyperintensities, indicates potential reversibility of tissue injury rather than irreversible Wallerian degeneration. Whether HBOT contributed to the decrease in Gln remains uncertain, and although its timing coincided with the observed reduction of RN-related vasogenic edema, there was no associated clinical improvement.
While tissue edema linked to radiation-induced injury can be impressive, RN classically does not exceed the radiation field. As highlighted, the patient was at increased risk for RN given her young age and the 12 Gy-receiving volume, 3, 4 possibly favoring the development of extensive and severe tissue injury. Foci of RN contralateral to the radiation field are relatively rare. 18, 19 In some cases, biopsies showed gliosis and necrosis consistent with RN but also plasma cell infiltrate and transmural vessel T-cell infiltration consistent with vasculitis suggesting immune system involvement. 18, 19 In the present case, the tissue biopsy did not provide much information about the remote injuries. Despite the lack of indirect evidence of immunogenicity in the cerebrospinal fluid (no oligoclonal band or elevated . MRS result overview. On the top, the spectroscopy voxel placement at months 22 and 52 is shown. Absolute metabolite concentration measurements AE SD near the AVM (yellow) and in the right CSO (blue/green) compared to an age-matched healthy control (purple) are shown at month 22 (middle) and month 52 (bottom). Note that the left voxel (yellow, near the AVM) at month 52 could not be evaluated due to the presence of blood products and the month 22 data is shown for comparison. (Glu: Glutamate; tCr: total Creatine; Gln: Glutamine; NAA: Nacetyl-aspartate; mI: myoinositol).
IgG index), it remains possible that an autoimmune response to brain antigens released in the necrotic area may be responsible for the distant damage. 20 
Conclusion
Advanced MRI can be useful to confirm RN in atypical cases, with MRS suggesting that radiation-induced vasculopathic changes develop outside of and contralateral to the SRS-field. These changes appear to be based on gliosis and neuronal loss, rather than demyelination. Our data indicate that RN occurs more diffusely than previously described.
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